We describe a modified rRNA sequence analysis method which we used to determine the phylogenetic relationships among 58 species belonging to the genus Mycobacterium. We combined the sensitivity of the reverse transcriptase PCR for amplifying nanogram amounts of template rRNA material with the elevated extension temperatures used for the thermostable DNA polymerase from Thermus thermophilus. A 70°C reverse transcription extension step permitted improved read-through of highly structured rRNA templates from members of the genus Mycobacterium, which have G+C contents of 66 to 71 mol%. The nucleic acid sequences of the amplified material were then determined by performing thermal cycle sequencing with a-"P-labeled primers, again with extension at 70°C. Nonspecifically terminated bands were chased by using terminal deoxynucleotidyl transferase. Our method had a template requirement of nanogram amounts or less of purified RNA or 2,000 CFU of intact cells and had sufficient sensitivity so that lyophils obtained from the American Type Culture Collection could be used as source material. Sequences from a 250-nucleotide stretch of the 23s rRNA were aligned, and phylogenetic trees were evaluated by using the De Soete distance treeing algorithm and Rhodococcus bronchialis as the outgroup. Our 23s rRNA trees were compared with previously published 16s rRNA trees, including the comprehensive trees developed by the University of Illinois Ribosomal Database Project, and included 15 species not evaluated previously. Most of the groups were in general agreement and were consistent with relationships determined on the basis of biochemical characteristics, but some new relationships were also observed.
The genus Mycobacterium contained 56 validated species (18) as of 1991, and recently Shinnick and Good (34) listed 71 species. In addition, there are several subspecies and many trivially named strains. Members of this genus are frequently categorized as being slow growers (more than 7 days is required to see colonies on a plate) or fast growers (less than 7 days is required) (36) . Several important human pathogens, including Mycobacterium tuberculosis and Mycobacterium leprue, are members of the slowly growing group, as are a number of opportunistic pathogens (Table 1 ) (15). In recent reports workers have described methods for using nucleic acid sequences to identify various specific members of the genus Mycobacterium (4, 5, 20, 21, 29, 31, 37, 38) . However, not all known members of the genus have been examined; the organisms that have not been examined include some strains which have recently been shown to be problematic in probe-based assays (7, 12, 14) .
Our interest in nucleic acid-based probe diagnoses for infectious diseases led us to examine members of the genus Mycobacten'um for unique rRNA sequences that can be used to identify potential pathogens. To do this, we needed to evaluate the phylogenetic relationships of pathogenic and environmental strains to develop probes with appropriate specificities. However, several technical difficulties hindered this effort.
One of the technical difficulties that we encountered was the fact that the very low growth rates and low cell yields of many members of the genus Mycobacterium made it difficult to obtain sufficient quantities of purified rRNA for reverse transcriptase (RT) sequencing by the method of Lane et al. (23) , as did the BL-3 level containment requirements of several patho-t Present address: 6 Cherry St., Millbury, MA 01527. gens. In addition, cloning the ribosomal DNAs (rDNAs) from all 58 species which we studied would have been extremely laborious. Another technical problem was the fact that the high G + C contents of mycobacterial genomes frequently inhibited efficient and reliable primer extension by R T through stable secondary structures at 37°C.
In recent years there have been a number of reports describing various methods for improving the method that Lanc et al. (23) used for rRNA sequence analysis. The improvements that have been described include separating the labeling step from the termination step (1 l) , altering the concentrations of specific deoxynucleoside triphosphates (40) , utilizing low numbers of cells (27, 39) , sequencing DNA PCR amplicons (6) with an additional 70°C extension step (4), and coupling DNA amplification with thermal cycle sequencing (30, 33) . None of the methods that have been described combined all of the characteristics for developing sequence information desired by us. We sought a method in which small amounts of RNA template material could be used in combination with high extension temperatures. In this paper we describe such a method and the phylogenetic relationships of 58 members of the genus Mycobacteriuvn based on a 250-nucleotide, variable region of the 23s rRNA subunit. The organisms which we used included 17 species which have not been included yet on the complete 16s rRNA tree developed by the Ribosomal Database Project (RDP) at the University of Illinois; 15 of these species havc not had their 16s rRNA sequences evaluated in a phylogenetic context yet.
MATERIALS AND METHODS
Growth of bacterial strains. Organisms (Table 1 ) were grown on Middlebrook 7H10 agar. Cell pellets or lyophils wcre processed by shaking them with zirconium beads and phenol as described previously (3).
Nucleic acid purification. RNA was purified from cell lysates (3) through a cesium trifluorvacetic acid gradient as described previously ( 3 ) . When DNA was used as the tcrnplatc matcrial, it was cloned from PCR-amplified ribosomal genes by using the method of Weisburg et al. (41) and 23s rDNA eubacterial primers derived from the study of Lane (22) . To determine the sensitivity of the amplification procedure, quantified cells were extracted by the procedure of Barns et al. (3) . The supernatant from the phenol extractions was ethanol precipitated by using yeast tRNA as the carrier. The pellets were redissolved in 100 pI of 10 mM Tris (pH 8)-1 mM EDTA buffer, and 1 pl was used as template material for rTth RT amplification. Nucleic acid amplification. For reverse transcription and subsequent PCR we followed the recommendations of Perkin-Elmer-Cetus, Nonvalk, Conn., and used the rTth DNA polymerase and reagents in a GeneArnp thermostable rTth RT RNA PCR kit (Perkin-Elmer-Cetus). Reverse primer 3284 (Table 2) 
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plicons were purified from buffer and primers by using Ultra Free-MC 30,000 mw spin filters (Millipore, Bedford, Mass.) .
Nucleic acid sequencing. The primers used for amplification and sequencing (Table 2) were designed to hybridize primarily to high-G+C-content grampositive organisms and to be stable for annealing at 70°C. Primer 3415 and reverse primer 3284 generated a 369-bp amplicon from M. tuberculosis. For thermal cycle sequencing of linear, double-stranded amplicons we used a-'3P-labeled primers, as well as the reagents and protocols described in an AmpliTaq cycle sequencing kit (Perkin-Elmer-Cetus). Most ambiguities were resolved by sequencing the opposite strand. Nondideoxy-terminated pause sites were alleviated with a terminal deoxynucleotidyl transferase chase at 37°C for 30 min as described previously (22). The sequences of DNA clones were determined by using a Sequenase kit (US. Biochemicals, Cleveland, Ohio) .
Nucleic acid sequence analysis. Sequences (Escherichia coli positions 5 19 to 729) were manually aligned with a VAX minicomputer by using the Olsen sequence editor (28) 
Colynebacterium glutamicum Micrococcus luteus Rhodococcus bronchialis
'' ATCC, American Type Culture Collection; GT, GENE-TRAK Collection.
' S, slow; F, fast.
RID, RNA or DNA; R, RNA; D, DNA. Pathogens classified as described by Good (15) .
'' Not included on the RDP 16s rRNA tree.
f M. leprae is a slowly growing obligately intracellular parasite. g Lyophil obtained from the American Type Culture Collection.
' ' Not a valid species. ' ND, not determined.
structures occur in this region, and these sequences were aligned by determining homologous structures as base-complementary stems. The secondary structure of M. leprae (16) was used as the basis for these alignments. A sequence mask was used to remove ambiguously aligned po5itions from the analysis. Phylogenetic trees were developed in the Genetic Data Environment with a SUN SPARCstation by using the De Soete distance treeing algorithm (10). A 16s rRNA tree for the genus Mycabactrnum was provided by the RDP (23a, 24). Nucleotide sequence accession numbers. The GenBank accession numbers of the 23s rRNA sequences shown in Fig. 1 are given in Table 1 .
RESULTS
Sensitivity of RT amplification. Natural total RNAs were prepared from various strains, including M. tuberculosis H37Ra (avirulent). We assumed that one-half of the mass of each total RNA was 23s rRNA. This material was serially diluted, and 1-pl aliquots were used as templates for RT PCR. We routinely detected at least 1 ng in each experiment when we used various sources, including Coiynebacterium glutamicum , Micrococcus luteus, and Rhodococcus bronchialis (data not shown).
A maximum level of sensitivity of 10 pg was observed in the RT PCR with M. tuberculosis (data not shown); this represented between 106 and lo7 initial rRNA template molecules. DNA PCR in which we used AmpliTaq DNA polymerase (Perkin-Elmer-Cetus) and primers 3415 and 3284 (Table 2) were performed with these same samples to demonstrate that the RNA, not contamination by trace amounts of DNA, was the template material. We detected no products by ethidium bromide staining following agarose gel electrophoresis (data not shown).
We were concerned about the relatively poor sensitivity in our experiments compared with the data of Meyers and Gelfand (26), who observed levels of sensitivity between 100 and 1,000 copies with transcribed RNA. Synthetic transcripts of a clone of the 5' one-half of the 23s rRNA gene from M. tuberculosis H37Ra (avirulent) were prepared by using T7 RNA polymerase (Promega, Madison, Wis.), and the amounts of these transcripts were determined by measuring the A,,,,. Next, serial dilutions were prepared, and 1-pl aliquots were used as template material. We found that the level of sensitivity obtained with the synthetic RNA was at least 3 orders of magnitude higher than the level of sensitivity obtained with the natural material (data not shown). Since the transcript included only about 1,600 nucleotides, 1 fg represented lo3 molecules. These results more closely approached the results of Meyers and Gelfand (26).
There are several possible reasons for the difference in sensitivity between the natural and synthetic rRNAs. Posttranscriptional modifications of the natural rRNA, such as methylation, could have inhibited efficient copying by the polymerase. It is also possible that the secondary and/or tertiary structure of the full-length natural rRNA was more stable, which could have further impeded copying. The synthetic transcript included only the first one-half of the 23s rRNA molecule. FIG. 1. Alignment of 23s rRNA sequences. The region shown includes homologous E. coli positions 519 through 729. All of the sequences are shown as the DNA form (T in place of U). Dots represent sequence nucleotides which correspond to nucleotides in the M. tuberculosis sequence. Dashes are included for alignment purposes. The residues enclosed in boxes are residues that were determined with only one primer and one strand. Table 1 shows the sources of sequences and the nature of the template material (RNA or DNA). The core loop structure was derived from M. leprue (16). Stem regions are underlined with two lines; loop regions are underlined with one line.
We wanted to demonstrate the utility of our technique for amplifying rRNA fragments from very low yields of whole cells. We used R. bronchialis as a model instead of mycobacteria to eliminate the need for BL-3 containment during processing. Our results revealed a level of sensitivity of about 2,000 CFU (data not shown). Assuming that there are approximately 1,000 23s rRNA targets per CFU (l), this finding is consistent with the presence of 10' to lo7 molecules of purified natural rRNA. These values do not account for possible losses during the extraction procedure and therefore are probably underestimates of the true level of sensitivity. Nevertheless, these values are useful for demonstrating the limits for potential screening programs. Single colonies should provide adequate material for amplification. We were able to amplify material from lyophils of Mycobacterium paratuberculosis.
Sequence analysis. The mycobacterial 23s rRNA regions homologous to E. coli positions 519 to 729 are shown in Fig. 1 . These regions were used to develop the phylogenetic trees shown in Fig. 2 . In the detailed overview analysis ( Fig. 2A) we included 17 species that have not been included yet on the 16s rRNA tree available from the RDP at the University of Illinois. Two of these species, Mycobacterium celatum (34) and Mycobacterium aficanum (13), have been placed phylogenetically by other workers. Figure 2B shows the positions of a selection of species extracted from the whole group and reanalyzed to clarify the main groups, as well as improve the general reliability of the results. For the most part the groups of species on these trees are similar to the groups on the rRNA 16s rRNA tree. Some specific differences are discussed below.
Mycobacterium chitae ATCC19627T (T = type strain) clustered in the genus Mycobacterium near Mycobactenurn komossense, as found on the 16s rRNA tree obtained from the RDP and as described in a reexamination of this strain by Pitulle et al. (29) . This finding is not consistent with the data of Stahl and Urbance (36) , who found that M. chitae is less closely related to the genus Mycobacterium than Rhodococcus equi is. We found that Mycobacterium fallax and Mycobacterium poriferae were separated from the main group of the genus Mycobacterium, whereas on the 16s rRNA trees M. fallax clusters with M. chitae and Mycobacterium gadium. Figure 2C shows the results of an analysis of the fast-growing species, in which M. tuberculosis was used as the outgroup. The large cluster from M. gilvum to Mycobactenurn phlei was quite similar to a large group on the RDP 16s rRNA tree. Mycobacterium farcinogenes was excluded from this analysis because of its slow growth rate, but both on the tree shown in Fig. 2A and on the 16s rRNA trees this organism was placed in this cluster. We found that M. gadium grouped with Mycobacterium diemhoferi and Mycobacterium neoaurum and is closely related to M. chitae. As noted above, on the RDP 16s rRNA tree M. fallax clusters close to these species, whereas on our tree it clustered separately, along with M. poriferae. Figure 2D shows the results of an analysis of the slowly growing species, in which M. smegmatis was used as the out- Mycobacterium genavense is very closely related to Mycobacterium simiae, as found on the RDP 16s rRNA tree and as determined by a mycolic acid profile analysis (9). M. celatum is identical to Mycobacterium kansasii, a finding which is inconsistent with the phenotypic placement of these organisms as a slowly growing nonphotochromogen and a slowly growing photochromogen, respectively (34) . Mycobacterium haemophilum, whose phylogenetic position has not been described, exhibited a high level of 23s rRNA sequence similarity to M. leprae despite many dissimilar phenetic traits (34) .
DISCUSSION
Method. The method described above was a synthesis of the following two established techniques for molecular analysis of RNA sequences: (i) reverse transcription coupled to PCR amplification in which the recombinant DNA polymerase from Themzus themzophilus is used, and (ii) thermal cycle sequencing of the resulting amplicons to avoid many of the problems associated with sequencing linear, double-stranded templates. In this method 33P-end-labeled sequencing primers are used, and amplicons are rapidly separated from amplification primers by using microcentrifuge spin filters. Thus, there is no requirement for gel purification ( 2 ) , exonuclease digestion (19, 32) , biotin capture (25), cold temperature "snap" annealing (8), or separate asymmetric amplification of each strand (17). Our method has several distinct advantages which we used for phylogenetic analysis of the vast majority of species in the genus Mycobacterium (currently 69 type strains are listed by the American Type Culture Collection).
Very small amounts of template material are required for the method described in this paper. Routinely, less than 1 ng of total RNA (as little as 10 pg was used in this study) or fewer than lo4 cells are needed to generate amplicons, compared with the 4 to 10 Fg of RNA needed for avian myeloblastosis virus-based RT sequencing (23). This is an improvement in sensitivity of at least 3 to 4 (up to 6) orders of magnitude. Compared with the sensitivity of PCR amplification of rDNA genes (5, 6), this is not a step forward. However, we initially targeted RNA (instead of the coding rDNA) because we assumed that the natural copy number (at least 1,000 copies per CFU for M. tuberculosis [l] ) would improve the sensitivity of the amplification technique. This assumption was investigated experimentally as described above. Furthermore, we were slightly concerned about sequence variation in chromosomal rDNA genes in those species (presumably including the fast growers) that contain more than one copy. Using the rRNA molecules directly provided sequences from the functional final gene products.
A high temperature during the annealing and extension step permitted improved read-through of stable secondary structures, whereas avian myeloblastosis virus RT is used at 37°C. This is particularly important for high-G+ C-content organisms. Our experience with avian myeloblastosis virus RT showed that our technique resulted in significant improvement in the ability to read sequence information. Despite this, some secondary structures were still a problem during sequencing extension with members of the genus Mycobacterium, even at 70°C. We determined that these structures were not gel artifacts since they could be chased away with terminal deoxynucleo tidy1 transferase.
Sequencing two strands results in improved resolution in denaturing gels because of different specific secondary structures that form with different primers. Avian myeloblastosis virus RT sequencing offers fewer options for checking sequence information. However, it is important to note that the sequence information originates from a single strand, compared with material cloned from PCR amplification preparations. While the latter approach is an option, it is more time consuming. In addition, because at least 1,000 template molecules are required, the method described in this paper shares the advantage of direct PCR amplification and subsequent thermal cycle sequencing of rDNA genes (6) in that single misincorporations should not detectably affect the sequence information. This can be a problem with material cloned from PCR amplification preparations.
Phylogenetic relationships. The data presented in this paper place for the first time 15 members of the genus Mycobacterium in a phylogenetic context based on rRNA sequence information. Several of these organisms, including M. haemophilum, Mycobacterium shimoidei, and Mycobacterium ulcerans, are considered pathogenic for humans. We compared our results with the comprehensive overview provided by the 16s rRNA phylogenetic tree of the RDP, as well as with the results of specific analyses described previously (13, 29, 31, 36) . For the most part, our results corroborate the 16s rRNA tree data, although there are some exceptions.
It is important to note that a true phylogeny probably will not be derived from a single character, such as a fragment of the 23s rRNA sequence. A polyphasic approach (35) will help even out the deficiencies of using specific traits (e.g., molecular size, stability, "evolutionary clock"). Therefore, our 23s rRNA data are not intended to be used to rewrite the phylogeny of the genus Mycobacterium, but rather complement the data obtained previously. In the case of the 15 species which we studied whose 16s rRNA sequences have not been aligned yet, phenetic traits still should be given significant weight.
Stahl and Urbance (36) and Rogall et al. (31) found that the growth rates of species (slowly growing versus fast growing) appeared to be phylogenetically conserved on the basis of 16s rRNA sequence data. Figures 2A and B show that all of the organisms except two can be clustered on the basis of growth rates. Initially, M. chelonae (a fast grower) was grouped with the slowly growing species (Fig. 2A) . However, when we examined a subset of the members of the genus (Fig. 2B) , M. chelonae was placed in the fast-growing species cluster. This change in position probably resulted from the limited sequence examined (29) .
M. farcinogenes, a slowly growing species, clustered with the fast growers, close to Mycobacterium fortuitum ( Fig. 2A) and in a subcluster adjacent to Mycobacterium senegalense. This position is very similar to the position determined on the basis of 16s rRNA sequences (29) . Although the taxonomic position of this species has not been determined by using other phenetic traits, the results of DNA hybridization studies place it near M. senegalense (34) . Assuming that the extracted and reanalyzed positions of M. chelonae and its fellow fast-growing species in Fig. 2B are correct, this is the only example of a contradiction with the slow-fast phylogenetic split (31, 36) . The results of several independent approaches (16s rRNA, 23s rRNA, DNA hybridization) have placed M. farcinogenes with the fast growers, and slow growth appears to be a recently acquired trait (29) . It is possible that the loss of rapid growth potential in M. farcinogenes has been acquired independently.
The position of M. chitae ATCC19627T which we determined in this study is similar to the position of this organism on the RDP 16s rRNA tree and the position determined by Pitulle et al. (29) . Pitulle et al. reexamined the 16s rRNA sequence of this strain and obtained dramatically different results than Stahl and Urbance obtained (36) . Both groups of authors recommended a comprehensive reexamination of the authenticity of this strain. Since the phenetic traits and mycolic acid composition of M. chitae still place it in the genus Mycobacterium (18), there may have been a problem with the specific culture used by Stahl and Urbance (36) .
The identical 23s rRNA sequences of M. celatum and M. kansasii, like the identical 16s rRNA sequences of M. gastri and M. kansasii, provide another example of the limitations of relying on a single trait to place species in groups. While both M. celatum and M. kansasii are opportunistic pathogens in immunocompromised hosts, they belong to different Runyon groups (groups I11 [nonphotochromogens] and I [photochromogens], respectively) and have different biochemical test profiles (34) . Along the same lines, in this study M. haemophilum and M. leprae clustered closely, although they clearly are quite different bacteria (34) . M. leprae, an obligately intracellular pathogen, clusters close to (RDP) or between (34) the M. tuberculosis complex and the Mycobucten'um uvium complex. Although M. haemophilum, a nonphotochromogen, is similar to the M. avium complex in several biochemical characteristics, it has a distinctive mycolic acid profile; furthermore, it requires complexed iron for growth and can be cultured in vitro. Thus, the 23s rRNA sequence similarities belie important phenetic differences, which should again promote caution in the development of a true phylogeny.
Another difference is the branching of M. fallax and M. poriferae away from the main line of the genus. While the 23s rRNA sequences exhibited the deepest split within the genus in this study, the 16s rRNA trees (29, 34) also exhibit a reasonably deep branch point for M. fallax (until now M. poriferue has not been placed taxonomically). The true evolutionary significance of these differences may be muted by some of the limitations inherent in using this data set.
First, the sequences are not totally nonbiased for selection. Note the differences in the M. tuberculosis complex sequences, the M. avium complex sequences, and the sequences of other species. This 23s rRNA region was chosen because of probe development considerations, as well as method development and phylogenetic evaluation considerations. Therefore, this region was not randomly chosen on the basis of conserved structures but rather was chosen on the basis of hypervariable regions.
Second, as noted above, only about 250 nucleotides were evaluated, and fewer positions in an alignment are never as good as as many as possible. Thus, the phylogenetic trees which we obtained are not completely robust. Future changes in groups and membership are likely when more sequence information becomes available.
Finally, short branch lengths can be questionable, as discussed by Pitulle et al. (29) . Short internodal distances are less predictive than long internodal distances. This could explain the variable position of M. chelonae depending upon the subset of species with which it is analyzed. Of course, efforts to neatly categorize the species highlight the anthropocentric nature of the fast-versus-slow division, and it may be more appropriate to consider some species phylogenetically intermediate between the two groups.
